The genome of the Puerto Rican parrot (Amazona vittata) has been sequenced and assembled in an international collaboration supported by many individual donations from the people of Puerto Rico. This is a critically endangered endemic bird, the only surviving native parrot species in the territory of the United States, and the first parrot belonging to the large genus Amazona to have its genome sequenced and assembled. A genome of one A. vittata female was sequenced resulting in a total of almost 42.5 billion nucleotide bases equivalent to 26.89X average coverage depth. After filtering out the short fragments (<500bp), the assembly resulted in 259,423 short fragment library contigs, half of them (N50) of at least 6,983 bp in length, with a longest contig at 75,003, and 148,255 long fragment library of scaffolds with N50=19,470 with the longest at 206,462 bp length. Further sequencing is needed to generate enough coverage of the genome and close the assembly gaps. To our knowledge, this is the first genome project to be initiated and supported by a local community fundraising efforts, and represents a model for the future de novo genome projects for conservation genetics of nonhuman species.
Introduction
The Puerto Rican parrot (Amazona vittata) is the only surviving native parrot species in the United States 1 . This endangered bird was once abundant throughout the island of Puerto Rico, but the population declined drastically during the 19 th century with the decimation of the old growth forest habitat 2 . Only few remote locations including El Yunque National Forest were spared from deforestation, allowing a small population of parrots to survive there [2] [3] [4] . One of the first people to call attention to the need for its conservation was President Theodore Roosevelt, who formed the Luquillo Forest Reserve for the purpose of protecting the parrots' nesting grounds 1 . At the end of the 20 th century, the species came very close to extinction: only 16 birds remained alive in 1972. The Puerto Rican parrot has been included on the Endangered Species List since 1967, and listed as critically endangered by the World Conservation Union since 1994. A recovery effort has been initiated with two captive breeding programs, one at the Luquillo Aviary close to El Yunque and the second one at the Rio Abajo State Forest in the central part of the island. However, the wet forests of El Yunque, may not represent the optimum habitat for the species, as birds released in the drier Rio Abajo State Forest have been more successful in surviving in the wild. The survival differences may include a genetic component, as survival rate varies depending on the genetic variants inherited by the released birds.
However, the genetic component underlying adaptive traits is currently unknown.
Similarly to most birds, the A, vittata genome, is relatively small (1.59Gb), less than half the size of the human genome 5 . It is also highly invariable due to the recent population bottleneck 6 . These two aspects made Puerto Rican parrot an ideal candidate for the genome sequencing and assembly: the small genome size allows high sequencing coverage, while the low amount of genetic variation permits accurate alignments between the sequenced fragments resulting in fewer assembly errors. In addition, a study of the A. vittata genome provides an unprecedented opportunity to describe the levels and types of genomic variation remaining in the species. Finding these variants should invigorate search for the genomic regions that may contain genetic code relevant to parrot's survival, and contribute to our understanding of the causes of its decline, and help guide conservation efforts through effective breeding strategies.
Thus, the genome wide information will contribute to the conservation effort and to the species' eventual recovery. In a worst-case scenario (e.g. a significant die-off due to a hurricane or disease outbreak), the collected genome sequence(s) will serve as a veritable Noah's ark of the genetic diversity in this rarest parrot species in the wild.
The genome sequence of the Puerto Rican parrot has important implications beyond the species' conservation effort. Amazon parrots (Genus: Amazona) are an important and diverse group throughout the Neotropics. A genome sequence of one Amazona is reasonably justified if only to serve as a baseline reference sequence for additional assemblies of genome sequences from other related species.
Comparative genomics studies among closely related birds occupying different ecological niches will likely uncover adaptations at the molecular level, and may serve as a useful model for discovery of genes and/or genetic alterations necessary for adaptation of parrots and other birds. Lastly, many diverse assembly and annotation projects can be generated from genomic datasets to provide unique training opportunities for graduate and undergraduate students in genomics, bioinformatics, ecology, and species conservation.
The local community has generously supported this international project, and allowed rapid progress on genome sequencing. Funding has been generated at fundraisers organized by the faculty and students of the Biology Department of the University of Puerto Rico at Mayagüez and by individual donations from Puerto Rican citizens. To our knowledge, this is the first example of a community-funded genome sequencing effort directed at an endangered species. We are hopeful that this project will serve as an example for future efforts to utilize genome sequencing to raise awareness of and contribute to conservation of rare species.
Materials and Methods

DNA samples:
All procedures were carried out as approved by the University of Puerto Rico at Mayaguez Institutional Animal Care and Use Committee (IACUC#201109.1) and in accordance with the guidance for the Endangered Species Act.
A veterinarian designated by the Puerto Rico Department of Natural and Environmental Resources (DNER) collected blood from two non-reproductive captive female birds at the Rio Abajo aviary during a routine health check procedure. Syringes were heparinized before samples were taken. Approximately 1.5cc of blood was extracted from each bird using a 3 cc syringe with a 27gauge needle. Birds were placed into their cages after the procedure and remained under observation for the rest of the day to make sure that no harm had been done. Samples were aliquoted and refrigerated at -80'C and extracted multiple times (23 times for one bird and 15 times for the other) to produce a total of 2 ug of purified DNA with the standard protocol of the QIAamp® DNA Blood Midi kit using the following modifications. Blood samples were diluted in 1x PBS in a 1:10 ratio. The samples were incubated at 70 ºC in the lysis buffer and protease for 2 -12 hours. After cellular lysis, DNA was precipitated with 100% ethanol and the solution was passed twice through the Midi column. The DNA was eluded two times with 300 ul of pre-warmed elution buffer, incubated for 10 minutes at room temperature and then centrifuged for two minutes. After the DNA isolation, DNA purity was assessed with a BioTek microplate reader (A260/A280) compared to a blank control after correcting for the baseline (A320). The concentrations and quality of DNA were re-assessed using a fluorometer and the picogreen ds DNA binding assay (Invitrogen), and four of the best DNA samples were chosen. These samples were shipped to Axeq Technologies (Rockville, MD; and Seoul, South Korea) to be used for the next generation sequencing, and the DNA concentrations were validated once more upon arrival ( Table 1 ). The DNA concentrations did not deviate between different methods of measurement. Whole genome sequencing: The following strategy was suggested for the project. The sequencing was initiated with construction of two genome libraries: a short fragment library (~300 bp inserts) for sequencing the large majority of the genome, and a long fragment library (~2.5 kb inserts) to generate scaffolds to be used to order and assemble contigs derived from the short fragment library. One sample (Pa9a) has been finally selected (Fig 1) and sequenced on Illumina HiSeq platform with both fragment and paired-end sequencing approaches, resulting in a total of 42,479,499,706 bases (Table  2) . Based on the total amount of base pairs generated (Table 2) , and the predicted genome size of 1.58Gb 5 , we predicted a 17.08X coverage for the short fragment reads, and 9.8X coverage for the mate pairs (Table 2) . Therefore, overall, our efforts resulted in an estimated total coverage depth of 26.89X of the parrot's genome (Table 3) . Genome assembly: The Illumina paired-end and mate-pairs reads were filtered and/or trimmed according to their quality values using Perl and/or Python scripts, and the trimmed sequences assembled using de Bruijn graphs methods. Different de Bruijn graphs software implementations (e.g. Ray, ABySS, ALLPATHS-LG) were explored, and the most efficient was selected to perform the assemblies. The optimal parameters (e.g. kmer) were defined empirically and iteratively. N50s were not over-optimized, as these values are only indicative of the length of the contigs generated and do not yield information on their veracity, as the practice of overoptimizing N50s often leads to chimeric contigs. Reads were subsequently mapped on the contigs to detect regions harboring unusually high/low coverage, and potential assembly errors were manually reviewed and corrected. Regions that could not be assembled using short sequencing reads were identified and these were selected for sequencing using other approaches including long-range PCR and Sanger chemistry. Two different de novo assemblies were attempted.
In the first assembly, we used Ray 7 software on 256 CPUs for 8 hours (Table 4 ). The second assembly was accomplished with SOAPdenovo 8 (Table  5) . Data availability: The sequence of the Puerto Rican parrot is currently placed on a web server www.genomes.uprm.edu, where both assemblies are available on request. MAKER annotation pipeline is currently being prepared to be displayed in a dedicated browser built on GBrowse platform 9 . Tracks will include RepeatMasker 10 , Augustus 11 , and other algorithms to build an annotation consensus between the gene models generated by different approaches to be displayed on a genome browser specifically designed to represent the Puerto Rico Parrot Genome Project. 
Results and Discussion
Supported by funds raised by local community efforts, we sequenced and assembled the genome of the Puerto Rican parrot, the most rare parrot species in the wild. Four samples from two different A. vittata females were sequenced on the Illumina HiSeq platform resulting in a total of 42 billion bases, equivalent to an average coverage depth of 26.9X based on a predicted genome size of 1.58Gb 5 . This study represents the first assembly of a genome sequence for a parrot endemic to the United States, and also the first genome of a species from the diverse and ecologically important genus Amazona native to South America and the Caribbean.
Two different approaches were used to produce a genome assembly, with Ray 7 and SOAPdenovo software 8 . Both assemblies provided a large number of long contigs (Table 4) . While these are high confidence assemblies and represent significant portions of the draft, the genome is not yet fully assembled and additional sequencing is required to connect and orient the scaffolds and fill the remaining gaps between them. An expressed sequence tag (EST) map would be a useful addition to the project. In addition, sequencing of the transcriptome would help find and annotate protein-coding genes and other genome elements. A final assembly of the PR parrot genome may be hindered by the presence of repetitive sequences. At least some of the repeats have already been reported in parrots (Psittaciformes): 6.8% of that parrot genome consisted of tandemly repeated, 190-bp sequence (P1) located in the centromeres of many if not all chromosomes 12 . If a genome of a closely related bird is sequenced and assembled in the near future, it may help organize contigs generated in this study. Several related species assemblies are currently: the parakeet and the macaw genomes.
Detailed comparisons between multiple bird genomes will aid interpretation of the evolution and unique adaptive traits of the Puerto Rican parrot. However, a de novo assembly of the PR parrot genome is still necessary to avoid alignment bias towards a reference genome from another bird species.
The initial sequence of A. vittata in only the first step in a comprehensive effort that aims to incorporate science, public education, and community activities in order to raise awareness about conservation efforts essential to save the last extant parrot species in the United States. It provides a basis for the future studies as part of the Puerto Rico Genome Project, which can be divided into three stages: (1) Improvement of the draft assembly and annotation of genes and regulatory regions, (2) Examination of genetic diversity through study of captive and free living A. vittata populations, (3) Comparative genomics studies of the PR parrot and other species from the genus Amazona. Different efforts that are proposed for these three stages and are described and discussed below.
Improvement of the assembly and annotation:
Our next objective is to improve the current coverage and fill the assembly gaps in the current data. A complementary sequencing of genome libraries will be undertaken to obtain missing sequences or improve the quality of sequences when necessary. In addition to the genetic models identified by computer algorithms, genes and other genetic elements of the parrot's genome will be identified by comparing its sequence to existing genome sequences of other birds such as the zebra finch, parakeet, turkey and the chicken, as well as reptiles (the anole lizard (Anolis carolinensis)). Finally, cDNA library construction and sequencing of genes expressed in various tissues of related, but not critically endangered species of parrots, such as Hispaniolan parrot (Amazona hispaniola), are proposed to generate models for all genes, since this species is known to be genetically very related 6, 13 . Collaboration with the National Cancer Institute in Frederick is being developed to study the species transcriptome to help identify functional genes. Eventually, the combination of these efforts will allow us to publish a Genome Draft: a nearly complete sequence of the genome (>90%) with genes marked in the sequence.
Population diversity study:
After the genome sequence of A. vittata is completed, the next step will be to sequence additional individuals of the species in a population genome survey. Gentetic variation has been previously suspected to be associated with several adaptive traits other Amazona parrots 14 . Newly sequenced genomes will be aligned to the reference genome to discover and describe genetic variation across the chromosomes. Initially, it is important to identify genome regions most affected by the population bottleneck, since currently most of the efforts to identify individual birds using microsatellite markers have failed because the birds are almost completely identical 6 . Resequencing of the population diversity sample would allow us to identify those places of the genome, where the individual variation still remains, as inbreeding depression has been suggested as one of the causes of the slow population recovery 6, 15 .
Past natural selection events and demographic events, such as the population bottleneck that the species suffered in the 1970s, also should have left genomic signatures that can be detected once a genomewide sequence is available 16 . Annotation of these regions may lead to the discovery of loci relevant to conservation concerns (e.g., those related to immune function). The identification of such loci could contribute to our understanding of the causes of this species population decline, and ultimately, to its recovery.
is to finish the genome draft and sequence 27 additional Puerto Rican parrot genomes, which will allow documentation of the current genetic variation in this threatened species.
Comparative genomics study: The Puerto Rican Parrot genome project is being conducted in accordance with the Genome 10K Project, which is coordinating efforts to sequence the genomes of 10,000 living vertebrate species (http://genome10k.org/). This large international effort will provide scientists with unprecedented access to the genetic mechanisms that generate the great diversity of adaptations that characterize modern vertebrates. Currently, more than three hundred animal genome projects from Genome 10K are under way. The Puerto Rican parrot is uniquely positioned to provide a reference sequence for other Amazon parrots and particularly suitable for genomic research for two reasons. Since no other Amazona genome is sequenced at this point, the A. vittata will serve as the reference genome for the genome assembly of the related species. The first step will be to assemble and compare mitochondrial DNA of all the Amazona species, a task that has already shown to have some difficulties due to the presence of duplications in the control region 17 . The most direct application of this comparative approach can be the identification of the genome regions that differ between the Puerto Rican parrot and its closest relatives, other Amazona parrots. These birds are among the most recognizable and imperiled of all birds. This will way establish the unique conservation value of the species' genome, as the ultimate conservation objective of the project is to identify loci with species-specific adaptations of the endangered species to devise better strategies for the recovery effort.
The genome sequence comparisons will help resolve the taxonomic uncertainties within the genus 18 , and help design the in conservation strategies and priorities.
The Puerto Rico National Parks Company will soon be exhibiting Puerto Rican parrots and related species at the Puerto Rico Zoo. This exhibition will bring attention to the conservation effort for this endangered species. In conjunction with the comparative genomics study of the group to be conducted at the University of Puerto Rico, the parrot exhibition will become a valuable research and educational resource for the local and international scientific community.
The sequence of the Puerto Rican parrot will be used as a reference to study differences between species and find genomic regions responsible for adaptation and survival.
Conclusions
In this paper, we present the draft de novo sequence assembly of the Amazona vittata genome which was assembled from the data collected from a 27X sequencing coverage using Illumina HiSeq technology. Further analysis of this genome sequence is expected to reveal variation within species and among other Amazona parrots, and to discover variants that may contribute to specific ecological adaptations that contribute to species survival, providing insights into the future conservation efforts.
